The effects of low extracellular pH and intracellular accumulation of weak organic acids were compared with respect to fatty acid synthesis by whole cells of Mycobacterium tuberculosis and Mycobacterium smegmatis. The profile of fatty acids synthesized during exposure to benzoic, nicotinic, or pyrazinoic acids, as well as that observed during intracellular hydrolysis of the corresponding amides, was not a direct consequence of modulation of fatty acid synthesis by these compounds but reflected the response to inorganic acid stress. Analysis of fatty acid synthesis in crude mycobacterial cell extracts demonstrated that pyrazinoic acid failed to directly modulate the fatty acid synthase activity catalyzed by fatty acid synthase I (FAS-I). However, fatty acid synthesis was irreversibly inhibited by 5-chloro-pyrazinamide in a time-dependent fashion. Moreover, we demonstrate that pyrazinoic acid does not inhibit purified mycobacterial FAS-I, suggesting that this enzyme is not the immediate target of pyrazinamide.
Pyrazinamide (PZA) is a first-line drug in tuberculosis chemotherapy. Its inclusion in the treatment regimen was pivotal in enabling present short-course chemotherapy, primarily because the addition of PZA significantly reduces relapse rates in patients on 6-month multidrug regimens (10, 26) . PZA, although not as active as rifampin or isoniazid, has been shown to reduce viable organ counts in Mycobacterium tuberculosisinfected mice (22, 23) and to slightly reduce bacterial counts in sputum from human tuberculosis patients during monotherapy for 2 weeks (16) . However, PZA studies in mice are usually performed in conjunction with other drugs, since PZA monotherapy rapidly leads to drug resistance (9) . The disparity between the poor early killing activity of PZA and the profound effect on relapse rates has given rise to many hypotheses to explain this so-called "sterilizing effect." One widely held notion is that PZA is effective against organisms residing in acidified compartments in the lung that arise during the early inflammatory stages of infection (11, 26) .
Support for a specific mode of action involving organisms located within acidic compartments comes in part from in vitro studies on the mode of action of PZA that have demonstrated that PZA is only effective at a low extracellular pH and at low cell densities (20, 24, 31) . The relevance of this in vitro analysis is controversial, since the intraphagosomal pH of infected macrophages equilibrates at a significantly higher value than that required for in vitro drug susceptibility (5, 13, 27) . Although some studies have reported a bacteriostatic (8, 30) or even a bactericidal effect in human macrophages (6) , more recent studies have demonstrated that PZA was not effective against M. tuberculosis residing in resting or activated human monocyte-derived macrophages (14) .
PZA is hydrolyzed to pyrazinoic acid (POA) by the pyrazinamidase enzyme encoded by pncA in M. tuberculosis (33) , and PZA resistance often correlates with loss of pyrazinamidase activity (32, 35) . Although saprophytic mycobacteria such as Mycobacterium smegmatis are proficient at PZA hydrolysis, the drug nonetheless lacks activity against organisms outside the tuberculosis complex (3, 12) . The lack of activity of PZA against M. smegmatis has been associated with the active efflux of the amidolysis product, the weak organic acid POA (37, 38, 41) . Therefore, intracellular accumulation of POA appears to be an essential feature of the toxicity of PZA.
Recently, the inhibitory effects of POA accumulation (and the related analogue, nicotinic acid) were ascribed to inhibition of the de novo synthesis of fatty acids by the fatty acid synthase I (FAS-I) enzyme of mycobacteria (43) . This conclusion was based upon an analysis of mutants resistant to the PZA analog 5-chloro-pyrazinamide (5-Cl-PZA). However, the conclusion that FAS-I inhibition is the result of a specific interaction of POA with the target enzyme is difficult to reconcile with other reported data. It has been demonstrated previously that complementation of a pncA knockout mutant of M. tuberculosis with the broader spectrum PzaA amidase from M. smegmatis (called PzaA) conferred sensitivity to the aromatic amides, benzamide, nicotinamide, and PZA. Inhibition by three such structurally diverse compounds argues against a simple inhibition of the FAS-I enzyme by direct binding and suggests that the aromatic acids formed upon hydrolysis of these compounds exert, at least in part, broad inhibitory effects on this organism (2) . It was suggested that the intracellular accumulation of aromatic acids, driven by a pH gradient at low extracellular pH, places stress on the pH homeostasis mechanisms of the organism in addition to the metabolic disturbances caused by anion accumulation (2, 42) .
In an attempt to reconcile these discrepant views, we compared the effects of low extracellular pH with those of intracellular aromatic anion accumulation with respect to fatty acid synthesis by whole cells. The results presented herein show that the effects of these amides on fatty acid synthesis were indistinguishable from the effects of inorganic acid stress caused by the low extracellular pH required for the inhibitory activity of these drugs. We also show that POA did not inhibit purified mycobacterial FAS-I, demonstrating that FAS-I is not the target for PZA.
MATERIALS AND METHODS

In vivo incorporation of [1-
14 C]acetate into fatty and mycolic acids. M. tuberculosis H37Rv pncA::hyg attB::pAIam (2) was grown under rotation at 37°C in Middlebrook 7H9 medium supplemented with 0.05% Tween 80 and albuminNaCl-glucose (ADC) complex to an optical density at 650 nm (OD 650 ) of 0.3. Cells were collected by centrifugation and resuspended to an OD 650 of 0.040 in 15 ml of Middlebrook 7H9 medium adjusted to the relevant pH (see Results) with phosphoric acid and supplemented as described above with or without added amides, acids, or cerulenin (all from Sigma-Aldrich, Inc., St. Louis, Mo.). PZA, nicotinamide, benzamide, POA, nicotinic acid, and benzoic acid stocks (12 mg/ml for amides and 6 mg/ml for the acids) were made in Middlebrook 7H9 medium adjusted to pH 5.6 with 10 M NaOH where necessary. Cells were grown for 6 h in this medium before the addition of 80 l of [1- 14 C]acetate (Na salt, 200
Ci/ml, 58 mCi/mmol; Amersham, Arlington Heights, Ill.). After a further 13 h of incubation, cells were harvested, washed twice in 10 ml of 1 mM EDTA, and resuspended in 1.5 ml of 14% tetrabutylammonium hydroxide. Cells were saponified and fatty acid methyl esters were prepared and analyzed by thin-layer chromatography (TLC) as described earlier (25, 34) . M. tuberculosis H37Rv was similarly labeled, except that growth conditions and treatment times were similar to those described by Zimhony et al. (43) . Thus, cells were grown in 7H12 medium to an OD 650 of 0.4 followed by 10-fold dilution into this medium with a further 48 h of growth before 10 8 cells were harvested by centrifugation, resuspended in 15 ml of 7H12 medium, with or without added amides or cerulenin, and adjusted to the desired pH value with phosphoric acid, with 12 h of treatment under the relevant conditions before the addition of label for another 4 h. Fatty acids were prepared by the method described above as well as by saponification of soluble lipids prepared as described by Zimhony et al. (43) . M. smegmatis mc 2 155 was labeled by treating cells at an OD 650 of 0.05 for 75 min under the relevant conditions as described above, followed by the addition of 100 l of [1- 14 C]acetate (Na salt, 200 Ci/ml, 58 mCi/mmol; Amersham) and incubation for a further 4 h before washing of cells and saponification as described above.
Cell-free assay for fatty acid synthase activity. Cell extracts of M. smegmatis mc 2 155 and M. tuberculosis H37Rv were prepared and FAS-I activities were assayed by monitoring [2- 14 C]malonyl-coenzyme A (CoA) (American Radiolabeled Chemicals, Inc., St. Louis, Mo.) incorporation into fatty acid methyl esters as described by Slayden et al. (34) , except that the cells were lysed in 10 mM potassium phosphate (pH 7)-1 mM EDTA-10 mM dithiothreitol (DTT).
Synthesis of 5-Cl-PZA. The procedure employed was a modification of that described by Cynamon et al. (7) . Three grams (23 mmol) of 5-hydroxy-POA (Lonza Inc.) was gently refluxed in 30 ml of phosphorus oxychloride (SigmaAldrich, Inc.) for 2 h under argon. The reaction was cooled on ice, followed by the addition of 30 ml of anhydrous tetrahydrofuran. This mixture was added dropwise to 150 ml of ammonium hydroxide on ice. The reaction mixture was stirred on ice for 30 min and then extracted three times with an equal volume of ethyl acetate. The organic extracts were pooled, washed with 100 ml of 4 M NaCl, dried over magnesium sulfate, and filtered, and the solvent was removed under rotary evaporation. The product was recrystallized from ethyl acetate and characterized by TLC by using a 5-Cl-PZA standard kindly provided by John Welch (State University of New York, Albany, N.Y.). The yield was 17%.
Purification and activity assays of FAS-I. FAS-I was purified from M. smegmatis mc 2 155 cells as described by Kikuchi et al. (19) , with the following modifications. Briefly, cell lysates were prepared from 4-liter cells grown in LuriaBertani broth to an OD 650 of 1.0. Cell pellets were washed with 200 ml of 4°C phosphate-buffered saline (PBS) and frozen at Ϫ20°C until use. Cells were disrupted by resuspension in 60 ml of 4°C 10 mM DTT buffer A (0.1 M potassium phosphate [pH 7.2], 1 mM DTT, 1 mM EDTA) and bead beating in batches with 10 g of glass beads (0.1 mm diameter) in a 15-ml ice-cooled bead beater (BioSpec Products, Inc., Bartlesville, Okla.) in 30-s intervals for a total of 4 min, with cooling for 2 min on ice between bead beatings. Unlysed cells were removed by centrifugation and the supernatant was clarified by the addition of streptomycin sulfate (0.3 mg/ml), followed by an initial centrifugation at 18,000 ϫ g for 45 min, with subsequent ultracentrifugation at 105,000 ϫ g for 90 min. The high-speed supernatant was partially fractionated by 20% ammonium sulfate precipitation. FAS-I activity was precipitated from the supernatant by using 40% ammonium sulfate, the precipitate was dialyzed overnight against 4 liters of buffer A, and 15 ml of the product was loaded on a Sephacryl S400HR column (Amersham). Protein was eluted at 0.8 ml/min with buffer A, and FAS-I-containing fractions were pooled and loaded on a 6-ml Resource Q column (Amersham). Anion exchange was performed at 2 ml/min by using a 0 to 1 M NaCl gradient in buffer A over 50 column volumes. Peak fractions (approximately 10 g/ml) from the latter column were used for fatty acid synthesis assays as described by Slayden et al. (34) . Stock solutions of acids (6 mg/ml) were prepared in 1 and 0.23 M potassium phosphate at a final pH of 7.2 or at the relevant pH of the assay as indicated in Results. The final concentration of potassium phosphate in all enzyme assays was adjusted to 0.1 M. FAS-I was preincubated with the amides, acids, or cerulenin additives for 30 min at room temperature before the addition of substrates. To investigate the effects of 5-Cl-PZA on FAS-I activity, purified enzyme (4 g in 300 l) was incubated for 30 min at 37°C in the presence of different concentrations of 5-Cl-PZA (0.03 to 0.4 mg/ml). The treated enzyme was subsequently diluted sevenfold into buffer A and concentrated to 200 l on a 100-kDa exclusion limit Centricon concentrator (Amicon, Inc., Beverly, Mass.), followed by two washes with 2 ml of buffer A before analysis of fatty acid synthase activity. Time-dependent inhibition of FAS-I was monitored by preincubation of the purified enzyme (1.3 g) with 0.03 mg of 5-Cl-PZA/ml before fivefold dilution into the enzyme assay.
RESULTS
Fatty acid biosynthesis during extracellular acid stress and intracellular amide hydrolysis. To investigate the effects of low extracellular pH on fatty acid biosynthesis in comparison to intracellular organic acid accumulation, the M. tuberculosis H37Rv pncA::hyg attB::pAIam strain was metabolically labeled with [ 14 C]acetate under a variety of conditions. This strain shows enhanced susceptibility to PZA and nicotinamide as well as sensitivity to benzamide due to expression of the M. smegmatis PzaA amidase (2) . Analysis of the methyl esters of saponified fatty acids prepared from intrinsically labeled cells (Fig. 1 ) demonstrated the previously described bimodal distribution of acyl chains generated by FAS-I (1, 19) . The precise composition of fatty acids produced by the FAS-I complex was pH sensitive, so that upon exposure of the organism to low extracellular pH, a shift in distribution of newly synthesized acyl chains could be observed favoring increased production of longer chains (Fig. 1A, lanes a to d) . This effect was also seen during exposure to PZA, nicotinamide, benzamide, POA, and nicotinic and benzoic acids (Fig. 1A , lanes e to h, and results not shown); however, these profiles were similar to those formed at or below the corresponding pH value in the absence of the drug (lanes a and b) .
To investigate the possibility that these observations might be specific to the amidase replacement recombinant strain, H37Rv pncA::hyg attB::pAIam, metabolic labeling of fatty acids was carried out by using wild-type M. tuberculosis H37Rv. This experiment was performed both in Middlebrook 7H9-based medium as used in the above experiment and in 7H12 medium (which lacks glycerol and glucose additives), under precisely the same conditions as had previously been reported to result in Ͼ90% inhibition of fatty acid biosynthesis by M. tuberculosis treated with PZA and POA (43) . This analysis revealed that use of the wild-type H37Rv strain showed comparable effects to those observed with the H37Rv pncA::hyg attB::pAIam recombinant strain in terms of the fatty acid synthesis profiles observed during acid stress and intracellular aromatic acid accumulation in both types of medium (Fig. 1B and results not shown), despite minor strain differences in the fatty acid profiles observed by TLC. In these assays, only shortchain products of FAS-I near 16 carbons in length were inhibited under inorganic acid stress conditions, while longer chain products of about 26 carbons were overproduced.
Metabolic labeling of the fatty acids of M. smegmatis, a PZA-resistant mycobacterium, also indicated that growth in an acidic environment induced a shift in the profile of fatty acid biosynthesis similar to that reported for M. tuberculosis but less pronounced (data not shown). M. smegmatis also predictably failed to respond to PZA treatment with an alteration in fatty acid synthesis at the whole cell level. These differences can be ascribed to the relative resistance of this organism to low pH (29) as well as to its insensitivity to PZA as a result of POA efflux (41) .
Fatty acid synthesis in vitro is not inhibited by POA. The observation that PZA and POA did not inhibit biosynthesis of fatty acids in whole cells of M. tuberculosis led us to examine whether fatty acid synthesis could be inhibited by POA or other aromatic acids and amides in whole cell lysates, where efflux of the potential inhibitor would not be a complicating issue. Incorporation of [
14 C]malonyl-CoA into fatty acid methyl esters was unaffected by POA concentrations of up to 3 mg of POA/ml in both M. tuberculosis and M. smegmatis whole cell lysates (Fig. 2, lanes d to f, and results not shown) . Similarly, fatty acid synthesis was not inhibited by nicotinic and benzoic acids (results not shown). The relevant pH value for FAS-I activity assays is pH 7, since it has previously been demonstrated that M. tuberculosis is able to maintain a constant intracellular pH of 7 at POA concentrations of up to 0.50 mg/ml (41) . However, the fatty acid synthase activity was also assayed at pH 6, which corresponds to the extracellular pH at which more than 90% inhibition of FAS-I activity could be obtained in M. tuberculosis cells in the presence of PZA (43) . Even at this pH, POA did not inhibit fatty acid synthesis (Fig.  2, lanes a to c) . Both cell lysates, however, were fully susceptible to cerulenin, a known inhibitor of the FAS-I enzyme (Fig.  2, lane g, and results not shown) .
Purified mycobacterial FAS-I is not inhibited by POA. Since the cell lysate experiment potentially contained active components from the FAS-II system or from polyketide synthases whose activity might obstruct our ability to monitor FAS-I inhibition directly, we purified the FAS-I enzyme from M. smegmatis to homogeneity by using an adaptation of the published procedure (see Materials and Methods) (Fig. 3A) . The M. smegmatis enzyme was chosen for practical reasons, as well as because it had been reported that POA inhibited both the M. smegmatis and the M. tuberculosis enzymes (43) .
Fatty acid synthase assays were performed by monitoring the incorporation of [ 14 C]malonyl-CoA into petroleum ether-extractable material following saponification and methyl esterification. Analysis of fatty acid synthase activity in the presence of different amides and acids revealed that it was not affected by POA concentrations of up to 2.6 mg/ml (Fig. 3B) . Similarly, no inhibition could be obtained with PZA (up to 2 mg/ml) or with benzoic or nicotinic acids (results not shown). However, 5-Cl-PZA was able to inhibit the incorporation of [
14 C]malonyl-CoA into fatty acids, giving 96% inhibition at 0.15 mg/ml. Addition of cerulenin, a known inhibitor of the ␤-ketoacyl synthase domain in type I synthases (28) , resulted in more than 99% inhibition at 0.010 mg/ml. All assays were performed at pH 7.2, the optimal pH for FAS-I (19). (Fig. 4A) , a concentration that caused 60% inhibition of [
14 C]malonylCoA incorporation when added directly to the FAS-I assay mix. Furthermore, a time-dependent increase in inhibition of FAS-I was observed by preincubation of the purified enzyme with 0.03 mg of 5-Cl-PZA/ml prior to fivefold dilution into the assay mix (26% and 67% increases at 10 and 30 min of preincubation, respectively) (Fig. 4B ). Taken together, these results suggest that 5-Cl-PZA covalently modifies FAS-I and that inhibition of FAS-I activity by 5-Cl-PZA can be ascribed to a unique chemical property of this drug that is not shared by PZA. 
DISCUSSION
The low bactericidal activity on M. tuberculosis by PZA and nicotinamide, both in vitro and in vivo, argues against the suggestion that POA and nicotinic acid, the known active metabolites of these amides, target the essential enzyme FAS-I (43). Inhibition by PZA in vitro is dependent on inoculum size (24, 31, 36) as well as on low pH (20, 24, 31) , with significant bactericidal activity only observed at pH values (pH 4.8 to 5.0) that fail to support growth of the organism (15) . This contrasts with the bactericidal activity of isoniazid (39, 40) , which is a drug that inhibits the essential FAS-II complex.
Moreover, the inhibition of FAS-I by compounds such as nicotinic acid would be a surprising evolutionary development. Mycobacteria appear to have lost the pncB gene in the PreissHandler recycling pathway for pyridine nucleotides (4, 17) but have retained the pncA gene, encoding the nicotinamidase enzyme, which would result in the previously reported nicotinic acid accumulation in these organisms (17) . Thus, there has been no evolutionary pressure to inactivate the pncA gene, despite the fact that pncA inactivation confers no obvious growth disadvantage as far as in vitro phenotype or ability to infect its human host is concerned (2, 32, 35) , supporting the argument that nicotinic acid and its analogues cannot be very potent inhibitors of the essential FAS-I enzyme.
The failure to obtain POA-resistant mutants of M. tuberculosis (32) could suggest that the drug targets an essential enzyme in which any mutations that abolish drug binding are lethal (43) or that the drug has pleiotropic effects on cellular metabolism which cannot be alleviated by a simple mutation. In addition, the observed growth inhibition caused by intracellular accumulation of POA and nicotinic and benzoic acids, as a result of hydrolysis of these compounds in an M. tuberculosis recombinant expressing a broad-spectrum amidase from M. smegmatis (2) , makes it unlikely that POA acts by binding and inhibiting a specific macromolecular target.
These considerations prompted us to investigate the effects of an acidic environment on fatty acid biosynthesis in comparison to the effects of intracellular aromatic anion accumulation produced by hydrolysis of the corresponding amides. For this purpose we used an M. tuberculosis pncA mutant heterologously expressing the M. smegmatis pzaA gene that had previously been shown to confer hypersensitivity to benzamide, nicotinamide, and PZA (2). All three aromatic amides resulted in a profile of newly synthesized fatty acids that was similar to that generated by the relevant low pH control, which reflects biosynthesis in response to extracellular acid stress. However, under these conditions, use of 5-Cl-PZA did result in inhibition of fatty acid synthesis, which is consistent with the observation that all reported 5-Cl-PZA-resistant M. smegmatis transformants expressed FAS-I at higher levels (43) . It is also consistent with previous studies of amidase-deficient PZA-resistant mutants that nonetheless retain sensitivity to 5-Cl-PZA, a result used in that study to conclude that these two agents (PZA and 5-Cl-PZA) had different mechanisms of action (7) . In the study reported herein, PZA treatment did result in modest inhibition of fatty acid synthesis at a pH of 5.6, although a similar degree of inhibition was obtained during growth at lower extracellular pH values (ՅpH 5). This study was further extended by analyzing the profile of fatty acids synthesized in the wild-type M. tuberculosis H37Rv strain in response to low external pH, in the presence or absence of PZA and nicotinamide. This analysis corroborated the observation that PZA and nicotinamide are not specific inhibitors of fatty acid synthesis in whole cells and confirmed that the conclusions drawn from studies using H37Rv pncA::hyg attB::pAIam were not due to a peculiarity of this recombinant strain.
The observation that acid stress resulted in an overall increase in length of the fatty acid acyl chains may be a consequence of allosteric regulation of FAS-I under certain stress conditions or of an effect on intracellular levels of specific mycobacterial polysaccharides that show high-affinity binding to acyl-CoA esters of fatty acids (1, 18, 21) . Altered concentrations or destabilization of these glycolipid complexes might result in preferential elongation of C 16 acyl chain primers to C 26 -C 28 products. The mechanism of this regulation is not a direct effect of altered intracellular pH, since M. tuberculosis and M. smegmatis are capable of intracellular pH homeostasis under these conditions (29, 41) .
The evidence for the lack of inhibition of fatty acid biosynthesis by PZA and the aromatic amides benzamide and nicotinamide in vivo was corroborated by in vitro enzyme assays on mycobacterial whole cell lysates, which showed that fatty acid profiles were unaltered in response to these amides and their respective acid metabolites at concentrations greater than 20-fold above their MICs. These studies were performed both at the relevant intracellular pH of 7, as demonstrated by the capacity of M. tuberculosis to maintain a neutral pH during PZA and POA exposure (41) , and at pH 6. Zhang and coworkers (41) demonstrated that the requirement for an acidic environment during PZA susceptibility studies could be ascribed to the resultant accumulation of POA driven by the transmembrane pH gradient created by the intracellular pH homeostasis mechanisms which maintained a neutral intracellular pH.
To confirm that FAS-I activity was not affected by POA or nicotinic acid, the enzyme was purified from M. smegmatis, an organism whose FAS-I activity was reportedly inhibited by these compounds in whole cells (43) . The lack of inhibition of [ 14 C]malonyl-CoA incorporation into fatty acids by nicotinic acid and POA at concentrations as high as 2.6 mg/ml in enzyme assays using purified FAS-I provided further evidence that FAS-I is not the target for PZA. However, our results unequivocally confirmed the observation that FAS-I is inhibited by 5-Cl-PZA (43) .
The disparity between the lack of inhibition of FAS-I by POA and the apparent inhibition obtained with 5-Cl-PZA could be linked to the electronic effect of the chlorine atom at the 5 position of the pyrazine ring, which could render this ring carbon susceptible to attack by a suitable nucleophile. Indeed, it was found that 5-Cl-PZA was an irreversible inhibitor of FAS-I, as evidenced by the inability to relieve inhibition by dialysis after incubation with the purified enzyme as well as by time-dependent inhibition of FAS-I by the molecule before dilution of the protein into enzyme assays.
In conclusion, our results fail to support the notion that FAS-I is the target for PZA. The most consistent interpretation of the data obtained to date is that accumulation of aromatic anions such as benzoate, pyrazinoate, and nicotinate may exert nonspecific inhibitory effects on cellular metabolism. The continuing effort to understand the molecular mechanism of VOL. 184, 2002 FAS-I AND PYRAZINAMIDE 2171
on January 14, 2018 by guest http://jb.asm.org/ PZA action remains one of the major unsolved dilemmas of tuberculosis chemotherapy.
